Background: Esophageal squamous cell carcinoma (ESCC), one of the most aggressive cancers, is endemic in Sub-Saharan Africa, constituting a major health burden. It has the most divergence in cancer incidence globally, with high prevalence reported in East Asia, Southern Europe, and in East and Southern Africa. Its etiology is multifactorial, with lifestyle, environmental, and genetic risk factors. Very little is known about the role of genetic factors in ESCC development and progression among African populations. The study aimed to systematically assess the evidence on genetic variants associated with ESCC in African populations.
Methods:
We carried out a comprehensive search of all African published studies up to April 2019, using PubMed, Embase, Scopus, and African Index Medicus databases. Quality assessment and data extraction were carried out by two investigators. The strength of the associations was measured by odds ratios and 95% confidence intervals.
Results: Twenty-three genetic studies on ESCC in African populations were included in the systematic review. They were carried out on Black and admixed South African populations, as well as on Malawian, Sudanese, and Kenyan populations. Most studies were candidate gene studies and included DNA sequence variants in 58 different genes. Only one study carried out whole-exome sequencing of 59 ESCC patients. Sample sizes varied from 18 to 880 cases and 88 to 939 controls. Altogether, over 100 variants in 37 genes were part of 17 case-control genetic association studies to identify susceptibility loci for ESCC. In these studies, 25 variants in 20 genes were reported to have a statistically significant association. In addition, eight studies investigated changes in cancer tissues and identified somatic alterations in 17 genes and evidence of loss of heterozygosity, copy number variation, and microsatellite instability. Two genes were assessed for both genetic association and somatic mutation.
INTRODUCTION
Esophageal cancer is an aggressive and fatal cancer of the 18digestive tract. It accounts for an estimated 455,800 new cases and 400,200 deaths per year globally, making it the eighth most common cancer in the world (Murphy et al., 2017) . The malignant tumors are characterized by two major subtypes: esophageal squamous cell carcinoma (ESCC), which is the more common type and contributes 90%, and esophageal adenocarcinoma (EAC) (Kaz and Grady, 2014; Abnet et al., 2017) . ESCC presents with poor prognosis and low survival rate (<5%) in low resource settings (Yazbeck et al., 2016; Murphy et al., 2017) . The asymptomatic development of ESCC results in diagnosis at late stage for patients and is characterized by dysphagia. At this stage, treatment is limited to palliative care.
ESCC is endemic in specific geographic locations worldwide and has the most divergence in cancer incidence globally, with high prevalence reported in East Asia, Southern Europe, as well as in Eastern and Southern Africa (Abnet et al., 2017) . This peculiar distribution draws questions on the specificity of certain risk factors to particular populations. The African ESCC corridor, which includes Ethiopia, Rwanda, Burundi, Malawi, Kenya, Uganda, Tanzania, and South Africa, is an ESCC hotspot region (Munishi et al., 2015; Schaafsma et al., 2015) . It has also been reported that in Sub-Saharan Africa, ESCC develops in younger patients than in other regions (Kayamba et al., 2015) .
The etiology of esophageal carcinoma is multifactorial. The risk factors reported worldwide comprise several lifestyle and environmental and genetic factors (Pink et al., 2011; Sewram et al., 2014; Chen et al., 2015; Sewram et al., 2016; Huang and Yu, 2018) . Growing evidence supports the hypothesis that genomic alterations and epigenetic modifications contribute to tumor development (Baba et al., 2017) . ESCC has both an inherited and cellular genetic basis (Abnet et al., 2017; Coleman et al., 2018) . Familial syndromes associated with increased risk of malignancy include tylosis and Fanconi anemia (Abnet et al., 2017) . The majority of genetic studies on ESCC have been case-control association studies analyzing single-nucleotide polymorphisms (SNPs) in various candidate genes. However, the reproducibility of these studies has been low. Some of the more common SNPs associated with ESCC have been identified in the aldehyde dehydrogenase 2 family gene (ALDH2) and an acetaldehyde dehydrogenase gene (ADH1B) (Abnet et al., 2017) . Variants in these genes have been shown to increase susceptibility to ESCC development, and they are also associated with alcohol consumption (Abnet et al., 2017) . Two meta-analyses published in 2018 reported associations between the genes MTHFR and GSTT1 and esophageal cancer development (He et al., 2018; Kumar and Rai, 2018) . However, the meta-analyses were done on predominantly Asian and Western populations. In recent years, the focus of ESCC research in the Western and Asian countries has shifted from candidate gene studies to genome-wide association studies (GWAS) and whole-exome sequencing (WES) to identify variants associated with ESCC. Combined analysis of different study designs has provided a better understanding of ESCC etiology in Asian populations (Abnet et al., 2017) . Genes with variants implicated in the development of ESCC in these populations include phospholipase c epsilon 1 (PLCE1), caspase 8 (CAP8), tumor protein 53 (TP53), and human leukocyte antigen (HLA) (Abnet et al., 2017) .
The genetic etiology of ESCC in Africa is not well understood, since there have been very few studies on ESCC in African populations. This is in part due to the unavailability of adequate research infrastructure. A lack of comprehensive assessment and validation of existing evidence through systematic reviews has also contributed to this knowledge gap. A number of small studies on African populations have yielded varied associations between genetic variants and ESCC. There is, therefore, a need to systematically assess the current evidence in order to map out the contribution of genetic factors in the development of ESCC in African populations using critically appraised data.
The aim of the current systematic review was to assess all genetic (cross-sectional, case-control, and cohort) studies reporting on germline and somatic variants where risk factor estimates were calculated. This was achieved through the following: 1) critical appraisal of African literature on association of genetic factors to ESCC development; 2) comprehensive analysis of genetic (germline and somatic) variants in the reported studies; 3) data synthesis through pooled analysis, if feasible; and 4) comparison of genetic variants identified in African populations to those reported in other geographic regions. August 2019 | Volume 10 | Article 642 Frontiers in Genetics | www.frontiersin.org
Data Sources and Search Strategy
We carried out a literature search on all published African ESCC studies up to April 2019. We developed a comprehensive set of search terms subjectively and iteratively. We searched the following electronic bibliographic databases without time or language limits: Medline (PubMed), Embase (OViD), Scopus, African Index Medicus, and Africa-wide information (EbsCOHost). We also checked the reference lists of potentially relevant articles for additional citations and used the "related citations" search key in PubMed to identify similar papers.
We checked Medline (PubMed) to identify controlled vocabulary (MeSH) terms related to esophageal cancer and also identified text keywords based on our knowledge of the field ( Table 1) . Medline search terms were modified for other electronic databases to conform to their search functions.
Screening for eligible studies was carried out by two authors (HS and HK). First, the two authors read the titles and abstracts independently and then met to finalize an initial list. Full articles of the studies selected based on the initial screening were read and assessed for inclusion to the systematic review. Figure 1 shows the outline for selection of eligible studies.
Quality Control and Data Extraction
Quality of the methodology used in the published studies was assessed using a quality assessment tool adapted from the STrengthening the REporting of Genetic Association studies (STREGA) statement (Little et al., 2009 ). The quality assessment for genetic association studies to identify ESCC susceptibility loci included reporting on power calculations, detailed population characteristics for cases, description of ESCC diagnosis, screening of cases and controls, reporting a measure of association using odds ratios, adjustment of population stratification, assessment of genotyping error, reporting the Hardy-Weinberg equilibrium, correction for multiple testing, and reporting of National Center for Biotechnology Information (NCBI) rs numbers for variants (Table S1) .
For somatic mutation studies, quality assessment included the following: description of ESCC diagnosis, reporting of tissues used [cancerous (Ca) and normal neighboring tissue (NET)], detailed population characteristics, variant classification and type, confirmation of variants identified, reporting of amino acid change, and use of pathogenicity scoring (Table S2) .
Data extraction was carried out by two authors (HS and HK) using data extraction forms. Two separate extraction forms were prepared for the germline (genetic susceptibility) and somatic mutation studies. The data extraction form for the genetic susceptibility studies included the following: description of the population (age, sex, sample size, smoking, and alcohol use for cases and controls separately), genotyping method, statistical analysis test, minor allele frequency (MAF), genotype frequency, haplotype frequency, and environmental association frequency. The somatic mutation study extraction form had the same variables excluding gene-environment interaction frequency and haplotype frequency.
The South African Admixed Population is reported as mixed ancestry in the tables according to how it was reported in the articles.
Data Analysis
A meta-analysis could not be performed as there were only two SNPs analyzed in more than one study and even those were analyzed in only two independent studies. For a meta-analysis to be carried out, SNPs have to be assessed in at least three separate case-control studies. TP53 in the somatic variant studies was analyzed in four separate studies, but two of the studies had cases only with no controls, and the remaining two assessed different parts of the gene. The results of this systematic review will, therefore, be reported in a descriptive manner.
We were able to find rs numbers for most of the variants even if the authors of the original studies did not report them and have included them in the tables of this systematic review. We used the canonical SNP identifier (rs number) and dbSNP (version 152; April 2019) database at NCBI (https://www.ncbi.nlm.nih. gov/snp/) for this. We also determined the locus positions of the microsatellite markers reported in a study by Naidoo et al. (2005) using the primer-BLAST database at NCBI (https://www-ncbinlm-nih-gov.ez.sun.ac.za/tools/primer-blast).
To determine the linkage disequilibrium (LD) measures between the SNPs reported in the same genes, we obtained the imputed data set from the Thousand Genomes project (1000 Genomes Release Phase 3 2013-05-02) and used bcftools to extract all individuals from African populations, not including African Americans, and the 77 SNPs discussed here using all synonyms (alternative rs IDs) for SNPs (Auton et al., 2015) . We obtained a dataset of 504 individuals and 67 SNPs. We computed all pair-wise r 2 -values using PLINK (v1.09) (Danecek et al., 2011; Chang et al., 2015) . 
RESULTS

Systematic Review Outline
The selection process for all the included studies is shown in Figure 1 . The initial database search identified 2,235 articles. Titles and abstracts of these articles were reviewed, and 2,168 studies were removed for not being original genetic studies. The 67 articles that remained were selected for full-text eligibility assessment. This process resulted in the removal of 40 articles: 15 review articles, 18 chromosomal, gene or protein expression studies, 4 blood group studies, 1 duplicate, and 2 abstracts. A total of 27 full articles were then assessed for eligibility, and four articles were removed for not meeting the criteria, as follows: one study had no cancer patients/cases , one focused on the Chinese population (Li et al., 2016) , while one focused on protein expression (Jaskiewicz and De Groot, 1994 ; 
Genetic Susceptibility Studies
The 17 genetic susceptibility studies ( Table 2 ) were all case-control studies (Dietzsch et al., 2003; Vos et al., 2003; Dandara et al., 2005; Li et al., 2005; Zaahl et al., 2005; Chelule et al., 2006; Dandara et al., 2006; Li et al., 2008; Li et al., 2010; Bye et al., 2011; Matejcic et al., 2011; Bye et al., 2012; Eltahir et al., 2012; Strickland et al., 2012; Vogelsang et al., 2012; Matejcic et al., 2015; Chen et al., 2019) published between 2003 and 2019. Sixteen articles reported on the South African population and one article on the Sudanese population. The majority (13/17; 76%) of the studies reported on the main subject characteristics (ethnicity, sex, age, and type of clinical assessment). Sample sizes for ESCC patients ranged from 18 to 880 with six of the studies having over 200 patient samples. Sample sizes for controls ranged from 88 to 939 with nine of the studies having over 200 control samples. It is difficult to estimate the total number of patients analyzed in these 17 studies, since it appears that the same authors used the same sample set for different SNPs in different publications. Our assessment showed that Bye et al. (2011) and Bye et al. (2012) used the same participants. In addition, studies by Li et al. (2005) and Li et al. (2008) used the same participants as Dandara et al. (2005) . The remaining 12 studies do not seem to have any obvious sample overlap.
Altogether, 16 out of 17 studies clinically assessed for ESCC through histology. None of the studies clinically assessed controls for ESCC with the exception of one study (Strickland et al., 2012) , which assessed controls using a brush biopsy. Nine studies reported on smoking and alcohol consumption status for all participants Li et al., 2005; Dandara et al., 2006; Li et al., 2008 Li et al., 2010 Bye et al., 2012; Vogelsang et al., 2012; Matejcic et al., 2015; Chen et al., 2019) , while three (Bye et al., 2011; Matejcic et al., 2011; Strickland et al., 2012) reported those risk factors for only the ESCC patients.
The Hardy-Weinberg equilibrium deviation was assessed in 11 (65%) studies; however, only six (35%) of the studies reported power calculations, and three (18%) studies reported the evaluation of a genotyping error. Detailed characteristics of the study population were reported in 12 of the studies for cases and 10 for controls. Correction for multiple testing was reported in only seven (41%) studies. NCBI rs numbers were reported in eight (47%) studies. Our quality assessment scoring had 11 items (Table S1), and each item had a weight of 1 point; therefore, total maximum quality score was 11. Overall, only seven of the 17 (41%) studies scored half or above half (5.5). The highest score was 9 (Vogelsang et al., 2012; Chen et al., 2019) , and the lowest score was 1 (Vos et al., 2003; Zaahl et al., 2005) .
Somatic Variant Studies
Somatic variant studies (Table 3) constituted of eight studies published between 1990 and 2016 (Victor et al., 1990; Gamieldien et al., 1998; Dietzsch and Parker, 2002; Dietzsch et al., 2003; Vos et al., 2003; Naidoo et al., 2005; Patel et al., 2011; Liu et al., 2016) . A total of 455 patients were assessed, with the control group comprising 200 NET and 146 blood samples. Of the 455 patient samples, one was reported to be an adenocarcinoma from one study; therefore, the exact ESCC patient population was 454. The study populations were from South Africa, Kenya, and Malawi.
Clinical diagnosis of ESCC was determined by histology in five (75%) studies, and the remaining three did not report on how clinical assessment was done. Four (50%) studies reported using both cancer tissue and NET for assessment. Three of these studies had an equal number of cancer tissue and NET samples. Two (25%) studies did not have any control samples, and the remaining two (25%) studies collected blood samples only as controls. Only two studies reported on smoking and alcohol consumption status. On patient characteristics, age and sex were reported in six (75%) of the studies. Variant classification and type were reported in all of the studies, but confirmation of results was reported in only two studies. No studies used pathogenicity scoring. Amino acid change was also reported in only two of the studies. Our quality assessment score had seven items (Table S2) , and each item had a weight of 1 point; therefore, total maximum score for the quality assessment was 7. Overall, six of the eight (75%) studies scored half or above half (3.5). The highest score was 6 (Gamieldien et al., 1998) , and the lowest score was 0 (Victor et al., 1990 ).
Description of Genes Studied
A total of 58 genes were investigated in the 23 studies, which were selected for the systematic review, with 37 genes studied in the genetic susceptibility studies and 23 in the somatic variant studies. Two genes were investigated in both studies. In addition, the somatic studies investigated six genetic loci without specific gene names. A summary of SNPs analyzed in the genetic susceptibility studies is shown in Table 4 . Over 100 SNPs were analyzed, and 25 SNPs were reported to be associated with ESCC (four SNPs using p values only, and 21 SNPs using p values and odds ratios). The 25 SNPs were in 20 genes: ADH1B, ADH3, ALDH2, AR, CASP8, CHEK2, CP, CYP2E1, CYP3A5, GSTT2B, MGMT, MLH3, MSH3, NAT2, , PLCE1, PMS1, RUNX1, SLC11A1, and TP53. The associations with all 25 SNPs were identified in South African populations, while none were found in the Sudanese population. Table 5 shows a summary of the pathways for the 20 genes. All the genes encode for proteins. Three of the genes, ADH1B, ADH3, and ALDH2, are involved in alcohol metabolism (Li et al., 2008; Bye et al., 2011) . Three mismatch repair genes, MLH3, MSH3, and PMS1, play a role in genomic integrity (Vogelsang et al., 2012) . They are reported to also play a role in carcinogenesis. MGMT is involved in cell defense against mutagens, and mutations in the gene are reported to be associated with cancer formation (Bye et al., 2011) . NAT2 and GSTT2B play a role in the activation and deactivation of drugs and carcinogens, with reports of mutations being associated with carcinogenesis (Matejcic et al., 2015) . Genes regulating cell apoptosis are TP5, CHEK2, and CASP8 (Vos et al., 2003; Bye et al., 2011; Eltahir et al., 2012; Chen et al., 2019) . TP53 and CHEK2 are also involved in gene expression and DNA repair. Regulation of gene expression is facilitated by PLCE1 and SLC11A1 (Zaahl et al., 2005; Bye et al., 2012) . The AR gene regulates the sex hormones, androgens (Dietzsch et al., 2003) , while CYP2E1 and CYP3A5 are involved in steroid, cholesterol, and lipid synthesis Li et al., 2005; Chelule et al., 2006) . CYP2E1 also metabolizes drugs and has been implicated in carcinogenesis. CP facilitates transportation of iron from organs into the blood cells; RUNX1 plays a role in hematopoiesis and PTGS2 in inflammation and mitogenesis (Bye et al., 2011; Bye et al., 2012; Strickland et al., 2012) . Nine of the 25 associated SNPs were from small studies with fewer than 150 cases and controls. These SNPs are in the following six genes: ADH3, AR, CP, CYP3A5, SLC11A1, and TP53. Because of the small sample size, the reliability and replicability of these results are uncertain. Sixteen of the SNPs came from studies with at least 150 cases and controls, and one study with 142 cases. These sample sizes could potentially give reliable and replicable results. The 16 SNPs were from the following genes: ADH1B, ALDH2, CASP8, CHEK2, CYP2E1, GSTT2B, MGMT, MLH3, MSH3, NAT2, PLCE1, PMS1, PTGS2, and RUNX1 . Two of the 16 SNPs are in the ALDH2 gene and were analyzed in two different studies. However, it is not clear whether these two SNPs are the same because, while one study reported the NCBI rs number (rs886205) (Bye et al., 2011) , the other study did not (Li et al., 2008) .The two SNPs reported very different MAF, and opposite odds ratios of 2.35 and 0.70 demonstrating increased risk and a protective effect, respectively.
Six of the 16 SNPs were reported to reduce the risk of ESCC, and they are the following: ADH1B (Arg48His; rs1229984), ALDH2 (+82 A > G; rs886205), GSTT2B (deletion allele), NAT2 (341T > C; rs1801280), PTGS2 (-1195 A > G; rs689466), and PLCE1 (Arg548Leu; rs17417407). The remaining 10 SNPs were reported to increase the risk of ESCC: ALDH2 (ALDH2*1/*2), CASP8 (Asp302His; rs1045485), CHEK2 (rs4822983 C > T, and rs1033667, C > T), CYP2E1 (7632T > A), MGMT (Leu84Phe; rs12917), MLH3 (Arg797His; rs28756991), MSH3 (Ala1045Thr; rs26279), PMS1 (c.-21+639G > A; rs5742938), and RUNX1 (rs2014300). Eleven of the 16 SNPs showed association in the South African Admixed population, while only four showed association in the Black South African population and one in a combined South African population. All the studies used PCR-based methods for genotyping. Using the 1000 Genomes Database, r 2 analysis was carried out on SNPs reported in the same gene, to assess the LD between the SNPs. Thirteen pairs of SNPs in MHS2, CP, MSH3, PLCE1,CHEK2, and NAT1 genes had r 2 > 0.45, shown in Figure 2 and Table S3 .
Altogether 44 somatic changes were reported in the following 22 genes: AR, CCND1, CDKN2A, COL1A2, EFGR, EP300, FAT1, FAT2, FAT3, FAT4, FBXW7, JAG1, KMT2C (MLL3) , KMT2D (MLL2), MUC2, NFE2L2, NOTCH1, NOTCH3, PIK3CA, SERPINB4, TP53 , and TP63, and six genetic loci without specific gene names ( Table 6 ). The specific locus positions with the corresponding microsatellite markers are as follows: 2p (D2S123), 3p13 (D3S659), 3p24.2-25 (D3S1255), 4q12 (Bat 25), 2p21-p16.3 (Bat 26), and 1p12-13.3 (Bat 40). These variants were reported in the South African (20 variants), Kenyan (three variants), and Malawian (21 variants) populations. While the majority of the studies used PCR-based methods, a more recent study used WES as the analysis method (Liu et al., 2016) . A total of 18 of the 22 genes with somatic variants in cancer tissue were discovered using WES. Statistical significance was not reported for any of the 44 variants. The most common type of somatic variants was missense mutations, reported in 14 of the 22 genes (64%) (Patel et al., 2011; Liu et al., 2016) . Other somatic changes included copy number gains (14%), copy number losses (5%), deletions (14%), insertions (14%), and frameshift mutations (14%). In three studies (Dietzsch and Parker, 2002; Dietzsch et al., 2003; Naidoo et al., 2005) , microsatellite instability and loss of heterozygosity (LOH) were reported (14%). Table 7 shows a summary of the pathways in the 22 genes reporting somatic changes. Five genes, AR, EP300, KMT2D, KMT2C, and TP53, play a role in the regulation of transcription (Gamieldien et al., 1998; Dietzsch et al., 2003; Vos et al., 2003; Patel et al., 2011; Liu et al., 2016) . The encoded protein for the AR gene functions as a steroid hormone activated transcription factor, while KMT2D has a role in methylation. Both TP53 and EP300 have been implicated in a number of cancers (Gamieldien et al., 1998; Vos et al., 2003; Patel et al., 2011; Liu et al., 2016) . TP53 additionally functions in DNA repair, gene expression, and apoptosis. The mismatch repair genes also facilitate DNA repair (Naidoo et al., 2005) . CCND1, CDKN2A, FAT1/2/3/4, and Ras genes are all reported to be involved in cell cycle pathways including regulation of mitotic events, cell proliferation, and cell growth and death (Victor et al., 1990; Gamieldien et al., 1998; Liu et al., 2016) . NOTCH1 and NOTCH3 both facilitate cell and tissue development (Liu et al., 2016) . JAG1 plays a role in hematopoiesis while NFE2L2 is involved in response to inflammation including production of free radicals (Liu et al., 2016) . PIK3CA is an oncogene implicated in tumor development while SERPINB4 modulates response against tumor cells (Liu et al., 2016) . EGFR and COL1A2 genes encode for epidermal growth factor and type 1 collagen, respectively (Dietzsch and Parker, 2002; Liu et al., 2016) . FBXW7 is a tumor suppressor involved in ubiquitin degradation (Liu et al., 2016) . MUC2 facilitates the formation of a mucous barrier that protects the gut lumen (Liu et al., 2016) . TP63 gene is involved in tissue and organ development including skin and heart, and in adult stem cell regulation (Liu et al., 2016) . nlm.nih.gov/snp/)) and used the canonical SNP identifier. To determine the LD between the SNPs, we obtained the imputed data set from the Thousand Genomes project (1000 Genomes Release Phase 3 2013-05-02) and used bcftools to extract all individuals from African populations not including African Americans, and the 77 SNPs discussed here using all synonyms (alternative rs IDs) for SNPs (Auton et al., 2015) . We obtained a dataset of 504 individuals and 67 SNPs. We computed all pair-wise r2 using PLINK (v1.09) (Danecek et al., 2011; Chang et al., 2015) . repeated in three or more independent studies; hence, a metaanalysis was not possible. Additionally, only three (ALDH2, PLCE and CYP2E1) of the 20 genes were analyzed in two independent studies, but testing for different SNPs. We determined that it was unlikely that the two ALDH2 SNPs analyzed were the same SNPs. This is because the MAFs were significantly different and, while one SNP had a protective effect (reduced risk), the other increased risk. The lack of studies re-assessing the same genetic variants poses a major hurdle in validating existing evidence on the association between genetic variants and ESCC development. This makes resolving the genetic etiology of ESCC in African populations difficult.
Genetic Susceptibility to ESCC
Of the 25 SNPs from the genetic susceptibility studies that showed an association to ESCC, we concluded that results on 16 SNPs had the potential to be reliable and reproducible due to the larger sample sizes. Ten of the SNPs were reported to increase the risk of ESCC, while six were reported to reduce the risk. However, it was noted that the majority (11) of these SNPs showed association in the South African Admixed population and the studies did not report controlling for population stratification. This is a highly admixed population (Chimusa et al., 2013) , in which the predominant ancestral lines are Khoesan (32-43%), Bantu-speaking Africans (20-36%), European (21-28%), and Asian (9-11%) (De Wit et al., 2010) . This diverse population is a result of South Africa's colonial and trade history, and constitutes 9% of the total South African population (De Wit et al., 2010) . Genetic variability can also be seen in the Black South African population (Chimusa et al., 2013) . Without controlling for population stratification, the reproducibility of these results is questionable. It is, however, important to note that the majority of these studies were carried out several years ago, and information on population stratification and methods to detect it may not have been available as yet.
Re-examination of common SNPs from the Chinese population was done in three of the studies (Bye et al., 2011; Bye et al., 2012; Chen et al., 2019) , but the findings were not conclusive. It is possible that there may be populationspecific differences influencing the genetic etiology of ESCC in the African populations. This may also point to the role of environmental factors contributing to the genetic susceptibility to ESCC through gene-environment interactions. Encodes an F-Box protein which binds directly to cyclin E and potentially targets cyclin E for ubiquitin-mediated degradation.
JAG1
Jagged 1 Encodes for the human homolog of the Drosophila jagged 1 protein which is involved in hematopoiesis.
KMT2C (MLL3)
Lysine methyltransferase 2C The gene is member of the myeloid/lymphoid or mixed-lineage leukemia (MLL) family. It encodes a nuclear protein involved in transcriptional regulation.
KMT2D (MLL2)
Lysine methyltransferase 2D 
Ras genes
Rat sarcoma Regulation of cell signaling pathways, and cell growth and death.
SERPINB4
Serpin family B member 4 Inactivation of granzyme M, an enzyme that kills tumor cells. Highly expressed in tumor cells.
TP53
Tumor protein p53
Regulates transcription, expression of target genes, thereby inducing cell cycle arrest, apoptosis, senescence, DNA repair, or changes in metabolism. Implicated in a number of cancers.
TP63
Tumor protein p63 Involved in the following processes in skin development and maintenance, adult stem/progenitor cell regulation, heart development, and premature aging. August 2019 | Volume 10 | Article 642 Frontiers in Genetics | www.frontiersin.org
Somatic Changes in ESCC
Forty-four somatic variants were reported, but only two were significantly associated with ESCC. The paucity of information was also evident in the somatic variant studies. There were significantly fewer studies (8) on somatic variants than on genetic susceptibility (17). The molecular profiling of tumors is of great importance as it is relevant in the development of targeted cellular therapeutics. One gene (CDKN2A) was analyzed in two studies, but these studies focused on a different variant. Another gene, TP53, was analyzed in four studies, but two studies analyzed different parts of the gene, and two had no control data. It was evident, however, that the WES study provided with a wider variety of genetic variants associated with ESCC (Liu et al., 2016) . The WES study overall had the largest number of genetic variants of all the 23 studies and was able to identify variants in an unbiased manner.
Common Limitations Among the African Studies
There were no GWAS among the studies we analyzed, but reports from the Chinese and European studies demonstrated that GWAS are able to successfully identify common genetic variants associated with ESCC (Abnet et al., 2017) . To date, GWAS has successfully identified more than 700 loci for cancer risk. However, these studies have been predominantly done in populations of European ancestry (80%), with African and Latin American populations contributing less than 1% (Van Loon et al., 2018) . A shift to WES and GWAS on the African populations might, therefore, yield better results in identifying variants that play a role in ESCC development. The African Esophageal Cancer Consortium, which was initiated in 2016 by African investigators and International partners, released a call to action to, among other priority activities, increase molecular research on esophageal cancer in Africa, particularly GWAS and genomic profiling (Van Loon et al., 2018) .
One of the main deficiencies in the studies was that the majority of the genetic susceptibility studies did not report a power calculation, or a genotyping error, and this may have resulted in studies being underpowered and with increased type II error. Few studies reported correction for multiple testing; however, many of the studies were not analyzing multiple variants at the same time. The lack of correction for multiple testing, therefore, is not a reflection on the methodological quality. Very few studies reported NCBI rs numbers. In most studies, the diagnosis of ESCC in patients was adequately defined with no ambiguity on the number of patients with ESCC. There were, however, three studies that combined samples from patients with squamous cell and adenocarcinoma into one case group, which could introduce bias (Dietzsch et al., 2003; Eltahir et al., 2012; Vogelsang et al., 2012) .
It is important to note that rs numbers were poorly documented in the majority of the studies assessed in this systematic review. Additionally, in many of these studies, the positions of the SNPs using genome coordinates were not reported, hence making it difficult to locate the SNPs. In the absence of an rs number, we recommend that authors report the position using genome coordinates and the version of the genome used as a reference.
The somatic variant studies also had adequately defined ESCC diagnosis for the majority of the studies. While the variant classification and type were reported by most studies, there was no confirmation of the results (except for two studies). Overall, for both the germline and somatic variant studies, the quality of reporting for the majority of the studies was not adequate. Other important limitations and biases are the lack of controlling for population stratification and small sample sizes in the study populations, which may have led to unreliable results.
Limitations of the Systematic Review
While we did a comprehensive search in four of the main literature databases, it is possible that we could have missed some non-English studies on African populations. Because of the lack of replication and validation studies, we could not carry out a meta-analysis in the current study. Furthermore, we did not re-analyze the data and relied on reported p values and odds ratios for descriptive analysis.
CONCLUSIONS
While this review has highlighted a number of genes that may be potentially associated with ESCC in the African populations, limitations such as lack of reproducibility, quality of reporting, and quality of assessment remain a major concern. The implications of having these inconsistencies and lack of reproducibility are that the genetic etiology of ESCC in Africa will continue to be unclear. The region lags behind in contributing to genetic knowledge and literature on ESCC. Importantly, any preventative, diagnostic, or therapeutic interventions cannot be effectively identified or applied in these populations.
The identification of genetic markers of esophageal cancer susceptibility has clear translational benefits to African populations in understanding the underlying disease risk and heritability. Benefits include the utilization of genetic information to improve risk prediction, which can be translated into prevention and screening programs relevant and specific to the African population. These studies also play a role in identifying and quantifying the interactions of modifiable environmental risk factors, which interact with these genetic variants, and hence provide a platform for better targeted interventions. The ability to sufficiently translate genetic research on the African population is dependent on more genetic studies done on the population.
Our recommendations are that more and larger genetic studies be done on the African populations, particularly focusing on WES and GWAS approaches. This will require multinational collaborations between the African countries.
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